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ABSTRACT: Triplet states are ubiquitous in organic electronics and their properties are increasingly being exploited to
enhance device efficiencies. The difficulty in accurately probing triplet states dictates that more fundamental understanding
is required of their properties. In this work a hybrid co-polymer of F8BT with 10 % by weight zinc porphyrin was synthesised
and a transient absorption spectroscopy study performed. It was observed that a dual energy transfer mechanism was active,
whereby the ultimate fate of each photogenerated F8BT singlet exciton depended upon its distance to a porphyrin unit.
F8BT excitons generated within the bulk of the F8BT polymer showed typical F8BT photophysics, with the small proportion
of F8BT triplets created able to diffuse to and undergo triplet energy transfer to the porphyrin units. In contrast, F8BT
singlet excitons formed within their diffusion length to a porphyrin unit displayed singlet energy transfer, followed by ISC
to create the lower energy porphyrin triplet. Intriguingly, the FSBT-HAPAPP triplets generated have a lifetime intermediate
between the two pristine materials. DFT calculations suggest that this is due to orbital mixing between energetically close

benzothiadiazole- and porphyrin-localised molecular orbitals, creating a mixed F8BT/porphyrin triplet state.

Introduction

Triplet states are commonly observed in most optoelec-
tronic devices that rely on conjugated organic small mole-
cules or polymers.' Previously, triplets have often been
considered a loss mechanism, but the properties of triplets
are now being manipulated? in order to achieve beneficial
photophysical pathways in conjugated small molecules
and polymers, such as photon upconversion,>* singlet fis-
sion,>¢ and thermally-activated delayed fluorescence.”?
Despite these recent advances, the properties of conju-
gated polymer triplets are significantly less well-under-
stood than their singlet counterparts, owing largely to the
fact that triplet states are not directly produced upon pho-
toexcitation. As such, key parameters such as triplet ab-
sorption cross-sections, quantum yields, population densi-
ties, and generation dynamics are much harder to probe
accurately. It is therefore vital to establish a greater funda-
mental understanding of triplet behaviour in such poly-
mers. Due to the lack of strong phosphorescence from con-
jugated polymers, transient absorption spectroscopy (TAS)
offers an excellent methodology to explore triplet behav-
iour instead. TAS directly monitors the optical absorption
of photogenerated transient species such as triplet states,
and provides information on the identity, yield and recom-
bination of these transient species. This method is widely-

known and has previously been applied to numerous con-
jugated polymers.o®® Triplet states display a number of
known characteristics in TAS, including excitation density
independent first order decay kinetics, a long lifetime on
the order of micro - milliseconds, and sensitivity to oxygen
(provided the triplet energy is above the singlet oxygen en-
ergy level).

In this investigation the well-known conjugated polymer
F8BT was co-polymerised with a zinc porphyrin derivative,
HAPAPP. Previous work on a different porphyrin/polymer
hybrid co-polymer revealed the presence of triplet sensiti-
sation, singlet energy transfer, and a thermal equilibrium
between the polymer and porphyrin triplet populations.?
One motivation behind this work was to establish the gen-
erality of these findings, and also to explore the new hybrid
polymer’s potential for photon upconversion. A zinc por-
phyrin derivative was used on the basis of its narrow sin-
glet-triplet gap, high triplet yields, and long triplet life-
times.2>* Furthermore, metal porphyrins have been shown
numerous times to act as efficient triplet sensitisers in the
solid state.>>* F8BT was chosen as the polymer backbone
as it has been shown to undergo TTA in the solid state.>+
The triplet energy level of F8BT is found at approximately
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Figure 1. Structures of F8BT, HAPAPP, and F8BT-HAPAPP,
where R = C,H,;.

1.8 eV, which is close to the triplet energy of > 1.6 eV
found for Zn porphyrins.?¢*7 The resulting hybrid polymer,
F8BT-HAPAPP, contains approximately 5 - 10 % by weight
of porphyrin. F8BT-HAPAPP, along with the control pris-
tine materials of F8BT and the porphyrin HAPAPP, were
investigated using a combination of steady state and time-
resolved spectroscopic techniques. It was observed that, ir-
respective of excitation wavelength, the porphyrin triplet
was photogenerated in F8BT-HAPAPP. However, excita-
tion of the F8BT chains of the hybrid polymer enabled two
photophysical pathways to generate this triplet: both sin-
glet and triplet energy transfer mechanisms are present
simultaneously. Furthermore, it was observed that the
F8BT-HAPAPP triplet had a lifetime intermediate between
the pristine polymer and porphyrin. Rather than being as-
signed to a triplet equilibrium, as seen previously," the al-
teration in lifetime is attributed to a delocalisation of the
LUMO over both porphyrin and benzothiadiazole moieties
caused by the high level of planarity observed in this por-
phyrin, creating a triplet with dual F8BT/porphyrin char-
acter.

Methods

Synthesis: All synthetic details can be found in the sup-
porting information. F8BT was purchased from Ossila (M,
= 376,214) and used without further modification.

Steady state absorbance and fluorescence: Absorbance
spectra were recorded with a Perkin Elmer LAMBDA 365
UV/Vis spectrophotometer. Fluorescence spectra were rec-
orded with a Horiba FluoroMax-4 spectrofluorometer, and
corrected for instrument response at the exciting wave-
length. Steady-state spectra were recorded at room tem-
perature, in chlorobenzene solution (3.4 pg/mL).

Nanosecond-microsecond TAS: Microsecond TAS on the
solutions was recorded using laser pulses (6 ns, repetition
rate 10 Hz) from a Nd:YAG laser (Spectra-Physics, INDI-
40-10) and OPO (Spectra-Physics, VersaScan/120/MB) with

pump wavelengths of 460, 518, 640 and 650 nm, using
pump intensities of 0.9 — 22 yJ cm. The light output of a
quartz tungsten halogen lamp (Bentham, IL1) was used as
a probe and signals were recorded with Si and InGaAs pho-
todiodes, housed in a preamplifier and an electronic filter
(Costronics Electronics) connected to an oscilloscope and
PC. Probe wavelengths were selected with a monochroma-
tor (Spectra-Physics, Cornerstone 130 1/8m). Chloroben-
zene solutions in a Youngs tap quartz cuvette (Starna Sci-
entific) underwent several freeze-pump-thaw cycles to ex-
tract all oxygen, while an oxygen atmosphere was trialled
to check for triplet quenching. Concentrations of 34
pg/mL, 68 pg/mL, and 0.65 mg/mL were used for HAPAPP,
F8BT and F8BT-HAPAPP solutions respectively.

Picosecond TAS: Degassed solutions under inert nitro-
gen atmosphere were excited with pump wavelengths of
518 and 650nm, 2 - 23 pJ cm pulses, generated by a com-
mercially available optical parametric amplifier TOPAS
(Light conversion) pumped by a Solstice Ti:Sapphire re-
generative amplifier (Newport Ltd). Changes in the optical
density of the films induced by the laser excitation were
probed with a second broadband pulse (830 - 1450 nm)
generated in a sapphire crystal. A HELIOS (Ultrafast sys-
tems) transient absorption spectrometer was used for re-
cording the dynamics of the transient absorption spectra
up to 6.5 ns with an average 200 fs instrument response
function.

Results

Steady state absorption and photoluminescence.
The structures of poly(9,9-dioctylfluorene-co-benzothi-
adiazole) (F8BT), HAPAPP (5,15-bis((4-bromo-
phenyl)ethynyl)-10,20-bis(3,4,5-tris(dodecyloxy)phe-
nyl)porphyrin) and F8BT-HAPAPP (poly-2,7-(9,9-di-
octylfluorene-alt-4,7-2,1,3-benzothiadiazole)-ran-2,7-(9,9-
dioctylfluorene-alt-4’,4”-5,15-bis(phenylethynyl)-10,20-
bis(3,4,5-tris(dodecyloxy)phenyl)porphyrinato zinc (II)))
are shown in Figure 1. Synthetic details are reported in the
supporting information. The pure F8BT chlorobenzene so-
lution steady state absorption spectrum (Figure 2) exhibits
two maxima at 322 and 457 nm (3.85 and 2.71 V). The pure
HAPAPP solution absorption spectrum displays an intense
Soret band at 450 nm (2.76 eV) and two much weaker Q
bands at longer wavelengths, the strongest of which is lo-
cated at 642 nm (1.93 eV). In the solution of the porphyrin-
containing polymer, FSBT-HAPAPP, the absorption spec-
trum exhibits very little change with respect to the F8BT
transitions. However, there is a weak additional peak at 652
nm (1.90 eV), which can be assigned to a red-shifted Q
band of the porphyrin incorporated into the polymer back-
bone. The porphyrin Soret band of FEBT-HAPAPP is ob-
scured by the broader F8BT transition at 457 nm. The very
small deviations from the parent F8BT transitions suggest
little perturbation of the F8BT backbone upon inclusion of
the porphyrin moiety into the polymer. Conversely, the
porphyrin seems to possess some degree of electronic per-
turbation, with its Q-band showing a 0.04 eV redshift rel-
ative to the free porphyrin’s corresponding Q-band. This



red-shift is consistent with the m-extension of the porphy-
rin system,>>?® due to the greater delocalisation of the
HOMO involved in the transition (vide infra).

The fluorescence spectra for the three materials are
shown in Figure 3, all with a pump excitation wavelength
of 450 nm. F8BT shows a single emission peak at 544 nm
(2.28 eV), while excitation of the free porphyrin, HAPAPP,
results in the formation of two emission peaks at 655 and
715 nm (1.89 and 1.73 eV). Excitation of F8BT-HAPAPP re-
sults in the formation of a very similar emission profile to
that of F8BT. Conversely, excitation of F8BT-HAPAPP at
645 nm reveals solely porphyrin fluorescence, as expected
(F8BT does not absorb at this wavelength). As such, it can
be concluded that F8BT excitation of FSBT-HAPAPP leads
to the bulk of fluorescence occurring from the F8BT before
exciton migration to the porphyrin can take place.

Table 1. Quantum yields and lifetimes of F8BT-
HAPAPP with selective excitation and the control
pristine samples.

F8BT excitation HAPAPP excitation
Parameter | F8BT | F8BT- HAPAPP | F8BT-
HAPAPP HAPAPP
D 0.85¢ | 0.60¢ 0.035° 0.086%
T (ns)© 1.9 19 and 0.14 | 1.0 0.9
T (ps)e 180 460 1000 460

a. Excitation at 400 nm, probe range 475 - 700 nm; b. Exci-
tation at 645 nm, probe range 655 - 800 nm; c. Lifetimes taken
from TAS data.

The fluorescence quantum yields for each solution were
also measured (Table 1). The quantum yield of fluores-
cence for pristine F8BT was ¢ = 0.85, while that of pristine
HAPAPP was 0.035. These numbers reflect the relative ef-
ficiencies of the competing relaxation process. HAPAPP,
by virtue of its heavy atom, has enhanced spin-orbit cou-
pling and undergoes efficient intersystem crossing to the
porphyrin triplet. F8BT, in contrast, has a large S,-T, energy
gap of approximately 0.7 eV and no heavy atom, thus the
rate of ISC is low. Furthermore, F8BT has a relatively large
Si-So energy gap and thus internal conversion is expected
to be low as well. The quantum yield of ISC for F8BT, there-
fore must be a maximum of gsc = 0.15 (most likely lower).
Indeed, a previously estimated value of ¢sc for F8BT was
0.019.9

The porphyrin-polymer F8BT-HAPAPP produced quite
different quantum yield results. Excitation at the porphy-
rin moiety (645 nm), and encompassing only porphyrin
emission from 655 - 800 nm, revealed a fluorescence quan-
tum yield of 0.086, slightly higher than the pristine por-
phyrin. This may reflect a reduced aggregation of the por-
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Figure 2. Steady state absorption spectra of F8BT, F8BT-
HAPAPP and HAPAPP, in chlorobenzene solution (3.4
pg/mL). The inset shows the corresponding Q-bands of
HAPPAP and F8BT-HAPAPP. Pristine F8BT shows negligible
absorption in the red and near infrared.
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Figure 3. Ground state fluorescence spectra of F8BT, F8BT-
HAPAPP and HAPAPP, in chlorobenzene solution (3.4 pg /
mL) with 450 nm excitation.

phyrin in solution, thereby inhibiting self-quenching ef-
fects. However, excitation of the F8BT moiety of at 400 nm
and probing the F8BT emission at 475 - 700 nm produced
a ¢rof 0.6, a substantial decrease compared to the pristine
F8BT (¢ = 0.85). This strongly indicates that an additional
decay pathway that effectively competes on the timescales
of F8BT fluorescence has been introduced by the porphy-
rin.

Picosecond Transient Absorption Spectroscopy (ps-
TAS). Picosecond transient absorption spectroscopy was
used to investigate the photophysics of FSBT-HAPPAP,



along with the two controls (F8BT and HAPPAP). A pump
excitation wavelength of 518 nm was chosen to selectively
excite the pure F8BT and the F8BT moiety of F8BT-
HAPAPP. 518 nm was chosen as it gave the same absorb-
ance as the Q-band at 650 nm, and also prevented dual ex-
citation of the narrow porphyrin Soret band at 450 nm.
Furthermore, differing concentrations were used such that
ground state absorbance at the Q-band was approximately
the same for both HAPPAP and F8BT-HAPAPP (Figure
S1). The ps-TA spectra are shown in Figure 4.
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eV) is found to be generated on ultrafast time scales, ex-
hibiting a short lifetime of 1.0 + 0.1 ns and thus can be as-
signed to the porphyrin singlet state, 'HAPAPP*. There is
also a rise in signal amplitude from 1000 nm to goo nm at
very early times, suggesting the presence of a second sin-
glet state band in the blank region between the detector
limits (< goo nm). Unlike that of F8BT, the early time spec-
trum of the pure porphyrin evolves in time to reveal the
presence of a much longer-lived species. Features at 540,
750, and 1080 nm (2.30, 1.65, and 1.15 eV) show evidence of
growth over time (reaching a maximum amplitude at 3 ns)
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Figure 4. Picosecond transient absorption spectra of a) F8BT excited at 518 nm, b) FSBT-HAPAPP excited at 518 nm, c) F8BT-
HAPAPP excited at 650 nm and d) HAPAPP excited at 650 nm. Samples were all in degassed chlorobenzene solution. A concen-
tration of 3.4 mg/mL was used in a) and b). Concentrations of 0.65 mg/mL and 34 pg/mL were used for ¢) and d) respectively.
Spectra were collected with an excitation density of 23 pJ cm™ and background corrected. The gap between approximately 8oo -
850 nm is the detector change-over region, while the gap centred at 650 nm in (c) and (d) is a result of the laser line.

When excited by 518 nm, the ps-TA spectrum of F8BT
(Figure 4a) yields a broad peak at 975 nm (1.27 eV). This
peak was fitted to a mono-exponential decay, yielding a
lifetime of 1.9 + 0.1 ns, and is attributed to the F8BT singlet
state ('"F8BT*). It should be noted that the decay kinetics at
975 nm did not show any laser fluence dependence within
the energy regimes employed (2 - 23 1 cm?, see Figure
S2). Furthermore, a weak negative signal is present below
600 nm; this was assigned to stimulated emission with a
lifetime 0f 1.8 + 0.3 ns. The similarity between the lifetimes
for the F8BT singlet decay and stimulated emission imply
that internal conversion to the ground state is negligible in
F8BT, which is reasonable given the large S,-S, energy gap.

The spectrum created upon excitation of the Q-band of
the free porphyrin (a pump wavelength of 650 nm) is
shown in Figure 4d. A band peaking below 485 nm (2.56
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and exhibit long-lived behaviour: they can therefore be at-
tributed to the porphyrin triplet state, SHAPAPP*. The ob-
servation of these triplet features on the picosecond time-
scale implies very efficient intersystem crossing (ISC), in-
duced by the heavy Zn atom enhancing spin-orbit cou-
pling. These singlet and triplet assignments are in agree-
ment with previous studies of zinc porphyrins.3°3!

Exciting the porphyrin units of F8BT-HAPAPP with a
pump wavelength of 650 nm (Figure 4c¢) yields a spectrum
that has distinct similarities to that of the free porphyrin.
The strong transition below 485 nm (previously assigned
to the porphyrin singlet) is still observed, largely due to an
apparent red-shift of this feature, despite absorption of the
probe beam in this region by the F8BT ground state. The
second porphyrin singlet state band at longer wavelengths
is also more noticeable in the case of FSBT-HAPAPP, with
the rise in signal amplitude beginning at 1100 nm. This
band is found to decay quickly on early timescales, and fit-
ting of the early component at 1000 nm yields a lifetime of
0.9 + 0.1 ns. This lifetime is close to that found for the free
porphyrin singlet, therefore supporting the assignment of
this band to the porphyrin singlet state. The redshift of
both these porphyrin singlet state bands from HAPAPP to
F8BT-HAPAPP is consistent with the redshift observed in
the Q bands in the steady state absorption (Figure 2). Sim-
ilarly, the main F8BT-HAPAPP porphyrin triplet peak,
found previously at 750 nm for the pristine porphyrin, is
redshifted such that the peak is beyond the detector limit.
The less intense triplet transition previously found at 1080
nm in the free porphyrin picosecond spectrum can now
only be observed from 3 ns onwards, once the porphyrin
singlet signal has decayed sufficiently.
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Figure 6. a) Microsecond transient absorption spectra taken
at 1 ps in solution. Spectra are normalised to their respective
peak maxima. The inset enhances the spectral area of 950-1350
nm for F8BT-HAPAPP, illustrating the characteristic porphy-
rin peak at both excitation wavelengths. b) Microsecond tran-
sient absorption decay kinetics. Kinetics are normalised to the
decay value at 1 ps. ¢) Normalised TA spectra of F8BT-
HAPAPP using 518 and 650 nm excitation at 2 ps and 100 ps,
compared to F8BT, showing the spectral evolution from an
F8BT triplet to a HAPAPP triplet with 518 nm excitation. Sam-
ples were in degassed chlorobenzene. Concentrations were 68
pg / mL, 0.65 mg / mL and 34 pg / mL for F8BT, F8BT-
HAPAPP_ and HAPAPP resnectivelv



Exciting the F8BT backbone of F8BT-HAPAPP with 518
nm (Figure 4b) creates a near identical transient absorp-
tion profile to that of the pristine F8BT control. However,
the peak at 975 nm, previously assigned to the F8BT sin-
glet, no longer decays monoexponentially. Instead, the ki-

netics of FSBT-HAPAPP can be fitted to a double monoex-
ponential, one component with the original lifetime of 1.9
ns (~ 80% contribution) and the other with a much faster
lifetime of 140 * 20 ps (~ 20 % contribution).
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Figure 7. State diagram for the proposed photophysical mechanism in FSBT-HAPAPP solution (not to scale). Since the S,-T, gap
of conjugated polymers is usually invariant at (approximately) 0.7 eV, the F8BT T, energy is approximately 1.8 eV, since analysis of
the steady state absorbance and emission spectrum suggest the S, state to be at 2.5 eV in solution. Internal conversion is not shown.
The green colour denotes excitation of the F8BT while the red colour denotes porphyrin excitation.

The compared kinetics are shown in Figure 5. Interest-
ingly, the stimulated emission below 600 nm is substan-
tially weaker for FSBT-HAPAPP. The fast component ob-
served in the F8BT singlet decay can be assigned to singlet
energy transfer to the lower energy porphyrin singlet state.
Since porphyrin units comprise less than 10% of the poly-
mer chain, however, most F8BT excitons are generated be-
yond the exciton diffusion length to a porphyrin unit.
These F8BT singlets, therefore, undergo the standard F8BT
relaxation and fluorescence processes and exhibit the orig-
inal 'F8BT* lifetime. The expected porphyrin singlet fea-
ture below 1000 nm is likely obscured by the much more
intense F8BT band (which occurs at the same place). The
other porphyrin singlet band occurs below 600 nm, but
this coincides with the F8BT stimulated emission. This
may therefore be one of the reasons for the weaker stimu-
lated emission peak for FSBT-HAPAPP: it is being partially
cancelled by the emerging positive porphyrin singlet peak.
The lack of observation of 'HAPAPP* peaks expected from
singlet energy transfer is exacerbated by the low porphyrin
singlet generation rate of approximately 20 %. As such, the
transient spectrum is dominated by the F8BT behaviour.
However, the presence of an additional singlet energy
transfer pathway is consistent with the decrease in quan-
tum yield of F8BT upon inclusion of the porphyrin to the

F8BT chain. This singlet energy transfer hypothesis was
then tested using microsecond TAS, in order to assess the
long-lived transient species that form in each case.

Microsecond Transient Absorption Spectroscopy
(us-TAS). The ps-TA spectra measured at 1 ps for the three
materials are displayed in Figure 6a and the correspond-
ing kinetics in Figure 6b. Once again differing concentra-
tions are used in order to excite similar ground state ab-
sorbances at each excitation wavelength (Figure S1). When
the neat F8BT solution is excited at 460 nm a broad peak
is measured at 780 nm (1.59 eV). The F8BT transient spec-
trum is of similar shape to previous photoinduced absorp-
tion studies of F8BT, which was attributed to a triplet tran-
sition.3* The peak at 780 nm was found to decay mono-ex-
ponentially with a lifetime of 180 + 40 ps, and the signal is
completely quenched when the solution is degassed with
pure O.. These features are highly indicative of the F8BT
triplet state. Note that this lifetime was acquired at room
temperature and it is well-known that the F8BT triplet life-
time is strongly temperature-dependent.3® No spectral re-
sponse is observed from F8BT with an excitation wave-
length of 650 nm (Figure S3).



Exciting the free porphyrin, HAPAPP, with a pump
wavelength of 640 nm yields two distinct peaks at 780 and
1080 nm (1.59 and 1.15 eV), both of which decay with the
same lifetime of 1.0 + 0.1 ms. These peaks are quenched by
the presence of oxygen. The long lifetime, oxygen quench-
ing, and strong similarity to the ps-TA data at longer times
indicate that these peaks can be assigned to the porphyrin
triplet state. It should be noted that the main triplet tran-
sition in the case of both F8BT and HAPPAP occurs at an
identical wavelength of 780 nm. There are three primary
differences between the two triplets. The 780 nm band of
the porphyrin triplet is much narrower and the lifetime of
the porphyrin triplet is almost five times longer. Finally,
the porphyrin has an additional triplet peak at 1080 nm,
which is entirely absent in the 3F8BT* spectrum.

Selective excitation of the porphyrin Q-band in F8BT-
HAPAPP with a pump wavelength of 650 nm yields a very
similar oxygen-sensitive spectrum to the pristine porphy-
rin, as expected. As observed in both the steady state and
ps-TA spectra, red shifts of the peaks are observed relative
to the pristine porphyrin. The F8BT-HAPAPP porphyrin
triplet decay kinetics could be fitted to a single monoexpo
nential with a lifetime of 460 * 40 ps. Intriguingly, the pri-
mary decay component’s lifetime of 460 ps matches nei-
ther the F8BT nor the pristine porphyrin triplet decay. In-
stead, the FSBT-HAPAPP porphyrin decay lifetime is inter-
mediate between these two.

Selectively exciting the F8BT moiety in FSBT-HAPAPP
with 518 nm results in quite different behaviour. Once
again, the spectrum can be assigned to a triplet, owing pri-
marily to the oxygen quenching observed. At times longer
than 100 ps, the spectrum bears a strong resemblance to
the HAPAPP triplet due to the identification of the second
porphyrin triplet transition at n50 nm. However, the decay
dynamics of the main 80oo nm peak are not purely mono-
exponential. Two mono-exponential components are fitted
possessing lifetimes of 19 £ 3 ps and 460 + 20 ps, where the
fast phase contributes approximately 40 % to the overall
decay. The fast component is unlikely to be due to triplet-
triplet annihilation, as its magnitude relative to the slow
phase does not change with excitation density. The slow
phase lifetime of 460 us is identical to that of the F8BT-
HAPAPP porphyrin triplet measured with 650 nm excita-
tion. As such, selective excitation of the F8BT results in
porphyrin triplet formation on long timescales, not the
F8BT triplet. Once the singlet energy transfer observed in
the picosecond TAS takes place, the porphyrin singlet un-
dergoes ISC to generate the porphyrin triplet observed on
the microsecond timescales.

LUMO+1 -24eV

LUMO+2

LUMO+3

Figure 8. The molecular orbitals of a FSBT-HAPAPP model
and HAPAPP calculated using B3LYP/6-31G(d). Note that the
LUMO+1 and LUMO+2 of F8BT-HAPAPP are isoenergetic and
identical except for an inversion of the wavefunction phase
symmetry.

However, there is also some evidence of the F8BT triplet
occurring during 518 nm excitation of F8BT-HAPAPP (Fig-
ure 6¢). At early times, prior to approximately 50 ps, the
F8BT-HAPAPP spectrum closely resembles that of the
F8BT triplet on the red side of the 780 nm peak. The blue
side shows distinct evidence of the negative porphyrin Q
band bleach, which interferes with the positive triplet sig-
nal, distorting the band shape in this region. Nevertheless,
the porphyrin bleach is substantially weaker in the case of
518 nm compared to 650 nm excitation at early times, sug-
gesting the presence of a stronger positive signal (the F8BT
triplet). At longer times, as mentioned above, the spectrum
evolves to resemble the porphyrin. As such, the t =19 ps
component of the F8BT-HAPAPP decay is very likely tri-
plet energy transfer from the F8BT to the porphyrin.

The ps-TAS experiments were repeated in the solid state.
Film samples of F8BT-HAPPAP showed clear evidence of
porphyrin triplet states, irrespective of excitation wave-
length (Figure S4).



Discussion

The microsecond TA spectra clearly show that F8BT ex-
citation of FSBT-HAPAPP results in the formation of a por-
phyrin triplet at long timescales. The formation of this tri-
plet can take place in one of two ways: singlet energy trans-
fer from F8BT to HAPAPP followed by ISC in the porphyrin
units, or via direct triplet energy transfer from F8BT to
HAPAPP. The results presented above suggest that both
mechanisms are present simultaneously.

The singlet energy transfer mechanism (which alterna-
tively could be considered internal conversion to a lower
energy singlet state) is expected to be a much faster process
than spin-forbidden ISC in F8BT and thus should domi-
nate for those F8BT excitons formed near a porphyrin unit.
The presence of this singlet energy transfer pathway is sup-
ported by the ps-TAS data, with the appearance of an ad-
ditional fast decay component in the F8BT-HAPAPP sin-
glet decay dynamics. Only those F8BT singlets generated
close enough to a porphyrin unit will ultimately generate a
porphyrin triplet via this pathway. Those F8BT singlets
generated beyond the F8BT exciton diffusion length of ~ 8
nm34 to a porphyrin unit will exhibit standard F8BT photo-
physics. It is estimated from the fitting that 8o % of F8BT
excitons undergo the standard F8BT relaxation processes
(primarily fluorescence but also, crucially, ISC), while ap-
proximately 20 % undergo energy transfer to the lower en-
ergy porphyrin singlet. This low transfer efficiency ac-
counts for the smaller porphyrin triplet signal amplitude
observed when exciting the F8BT component of F8BT-
HAPAPP compared to porphyrin excitation (Figure Ss).
The lack of observation of the porphyrin triplet in the ps
spectra upon 518 nm excitation of FSBT-HAPAPP is there-
fore a combination of the low efficiency of the energy
transfer process and the intense, broad F8BT singlet band
obscuring the weaker triplet bands. The presence of this
additional singlet energy transfer pathway is consistent
with the appreciable reduction in F8BT fluorescence quan-
tum yield when the porphyrin is introduced into the poly-
mer backbone. The timescale of singlet energy transfer (~
140 ps) is shorter than that of F8BT fluorescence (~ 2 ns),
and thus provides an effective competing relaxation path-
way for F8BT singlet states generated close to a porphyrin,
thereby reducing the F8BT fluorescence quantum yield.

For those F8BT singlet excitons that form further than ~
8 nm from a porphyrin unit, standard F8BT relaxation
pathways apply. A small percentage of the excitons will un-
dergo intersystem crossing to the F8BT triplet (¢isc < 0.2).
It is known that the F8BT triplet exciton diffusion length
of 180 nm?4 is much longer than that of the singlet, and thus
it is likely that most F8BT triplets will be able to diffuse and
encounter a porphyrin unit within their microsecond life-
time. This is consistent with the ps-TAS results, which
show a spectral evolution from F8BT to porphyrin triplets
with 518 nm excitation. Furthermore, the presence of an
additional 518 nm excitation decay phase that is both faster

than either of the pristine controls (19 us) and absent dur-
ing direct porphyrin excitation is consistent with triplet
energy transfer that occurs after microsecond timescale tri-
plet exciton diffusion has taken place.

The proposed photophysical mechanism taking place
during excitation of F8BT-HAPAPP is shown in Figure 7
(the control molecules’ mechanisms are displayed in Fig-
ure S6). It is therefore likely that the mechanism of por-
phyrin triplet formation in F8BT-HAPAPP occurs via a
dual pathway mechanism. The faster process, dominating
for F8BT excitons generated close to the porphyrins, is
through an initial singlet energy transfer process from
F8BT to HAPAPP, followed by ISC. The slower process, for
F8BT singlet excitons generated within the bulk of the
F8BT polymer, involves initial ISC to the longer lived F8BT
triplet followed by diffusion to a porphyrin unit, where tri-
plet energy transfer takes place.

The porphyrin triplet lifetime of FSBT-HAPAPP is less
than half that of the pristine porphyrin, and substantially
longer than the F8BT triplet. Such behaviour has been ob-
served before in a different porphyrin hybrid polymer* and
was attributed to an energy transfer equilibrium between
the porphyrin and polymer triplet populations. However,
in that case no spectral evolution was observed. In con-
trast, the pus-TAS of FBBT-HAPAPP shows a clear evolution
from the F8BT triplet to the porphyrin triplet on the early
microsecond timescale when exciting the F8BT. Further-
more, the FSBT-HAPAPP porphyrin triplet decay is mono-
exponential and thus no higher order quenching effects
from clustering of the porphyrins together in the polymer
chain are evident.

DFT (B3LYP/6-31G(d)) calculations on a FSBT-HAPPAP
model (Figure 8) combined with a Mulliken orbital com-
position analysis3s show that the molecular orbital density
of both HOMO and LUMO partially extend across the
F8BT in addition to the porphyrin (6.5 and 7.2 % of the to-
tal orbital density, respectively, are located on the F8BT).
This greater delocalisation of the hybrid system’s frontier
molecular orbitals is made possible by the additional al-
kyne bond enhancing the planarity of the porphyrin rela-
tive to the polymer chain. The previously published hybrid
polymer* has a much more twisted structure, reducing the
possibility of delocalisation of the porphyrin MOs onto the
polymer chain. Another relevant observation is that the
F8BT-HAPAPP model has two isoenergetic benzothiadia-
zole-localised unoccupied MOs (LUMO+1/+2) that are in-
terposed between the energetically close porphyrin-based
LUMO and LUMO+3 (the latter is identical to the pristine
porphyrin’s LUMO+1). Given the closeness in energy of
these benzothiadiazole- and porphyrin-localised unoccu-
pied MOs, orbital mixing is expected. This hypothesis was
investigated further via TD-DFT calculations (Table Sz,
Supporting Information). Although triplet energies are un-
likely to be highly accurate using this method, the transi-



tion contributions to each excited state are the relevant pa-
rameter for this work. As expected, the T1 state of the por-
phyrin is calculated to involve a simple HOMO-LUMO
transition. TD-DFT calculations on the FS8BT-HAPAPP,
however, suggest multiple transitions contribute to the T1
state. The expected porphyrin-based HOMO-LUMO dom-
inates, but an appreciable contribution from the
HOMO—LUMO+2 transition, which involves the F8BT’s
benzothiadiazole, is also present. It is known from the lit-
erature that the T, state of F8BT is localised on the benzo-
thiadiazole.?® As such, the T, state of F8BT-HAPPAP ap-
pears to have dual HAPAPP/F8BT character, creating a tri-
plet lifetime intermediate between the two pristine mate-
rials.

Conclusions

In this work a zinc porphyrin / F8BT hybrid polymer,
with an approximate proportion of porphyrin of 10 % by
weight, was synthesised and a photophysical study per-
formed. It was observed that the end result of photoexcita-
tion was the porphyrin triplet, irrespective of whether the
F8BT or porphyrin units were excited. Two triplet for-
mation pathways are active upon F8BT excitation, depend-
ing upon the location of the initially generated F8BT exci-
ton. Those excitons formed within the F8BT singlet diffu-
sion length to a porphyrin underwent singlet energy trans-
fer, followed by ISC to create the porphyrin triplet. The ex-
citons formed within the bulk of the F8BT polymer dis-
played standard F8BT decay pathways, with the small pro-
portion of F8BT triplets generated via ISC able to diffuse to
the porphyrin units and undergo triplet energy transfer.
The F8BT-HAPAPP triplets thus produced have a lifetime
intermediate between the two control materials. This in-
termediate lifetime was assigned to orbital mixing of ener-
getically close porphyrin- and benzothiadiazole-based un-
occupied molecular orbitals, leading to a mixed
F8BT/porphyrin triplet state.
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